Abstract Survival for glioblastoma (GBM) patients with an unmethyated MGMT promoter in their tumor is generally worse than methylated MGMT tumors, as temozolomide (TMZ) response is limited. How to better treat patients with unmethylated MGMT is unknown. We performed a trial combining erlotinib and bevacizumab in unmethylated GBM patients after completion of radiation (RT) and TMZ. GBM patients with an unmethylated MGMT promoter were trial eligible. Patient received standard RT (60 Gy) and TMZ (75 mg/m 2 9 6 weeks) after surgical resection of their tumor. After completion of RT they started erlotinib 150 mg daily and bevacizumab 10 mg/kg every 2 weeks until progression. Imaging evaluations occurred every 8 weeks. The primary endpoint was overall survival. Of the 48 unmethylated patients enrolled, 46 were evaluable (29 men and 17 women); median age was 55.5 years (29-75) and median KPS was 90 (70-100). All patients completed RT with TMZ. The median number of cycles (1 cycle was 4 weeks) was 8 (2-47). Forty-one patients either progressed or died with a median progression free survival of 9.2 months. At a follow up of 33 months the median overall survival was 13.2 months. There were no unexpected toxicities and most observed toxicities were categorized as CTC grade 1 or 2. The combination of erlotinib and bevacizumab is tolerable but did not meet our primary endpoint of increasing survival. Importantly, more trials are needed to find better therapies for GBM patients with an unmethylated MGMT promoter.
Introduction
Glioblastoma (GBM) remains one of the most lethal tumors with a median survival of 14-17 months despite extensive tumor resection followed by concomittant radiation (RT) and temozolomide (TMZ) and then 6-12 months of adjuvant TMZ [1] [2] [3] [4] . Patients whose GBMs have a methylated MGMT promoter survive on average twice as long as those with unmethylated MGMT promoters when treated with TMZ [2, 3, 5] . The efficacy of concurrent and adjuvant TMZ in the unmethylated patient population is quite limited. Unfortunately, only one-third of patients have tumors with methylated MGMT promoter creating a significant unmet need for improved therapies for the remainder and majority of patients with GBM [5] .
Vascular proliferation is one of the hallmarks of GBM that is most commonly associated with an increase in production of vascular endothelial growth factor (VEGF) subtype A [6, 7] . VEGF blockade can potentially decrease tumor growth by inhibiting pathway activation thereby preventing neoangiogenesis. Several anti-angiogenic agents targeting the VEGF pathway in recurrent GBM have been tried in clinical trials [8] [9] [10] [11] . Only bevacizumab had positive data leading to an accelerated FDA approval in 2009 based on data from two trials [8, 9] . Two confirmatory trials in newly diagnosed patients failed to show a survival benefit with bevacizumab [3, 12] .
Prominent abnormalities in signal transduction pathways are also characteristic of GBM. Based on the data from the TCGA, Epidermal Growth Factor is one of the most overexpressed or mutated abnormalities in GBM [13] . EGF is mitogenic, an effect mediated by the binding of EGF to a cell surface EGF receptor (EGFR). To date, single agents targeting EGFR such as erlotinib, gefitinib or afatinib have not been successful in the treatment of recurrent glioblastoma [14] [15] [16] [17] [18] [19] .
The efficacy of single agent targeted therapies in malignant gliomas has been poor. However, pre-clinical data suggest that a multi-targeted approach may be more efficacious than single target inhibition [20] [21] [22] [23] [24] . Given the poor outcome of GBM patients with unmethylated MGMT, we designed a trial for this cohort of patients with the rationale of targeting post RT upregulation of VEGF and EGFR using bevacizumab and erlotinib after treatment with RT and TMZ, in order to improve OS [25] [26] [27] [28] .
Methods
Patients with newly diagnosed GBM or gliosarcoma were eligible for this IRB approved trial. Registration was a two-step process. After signing an informed consent, tissue was sent for central pathology review (KA) confirming the GBM diagnosis and then MGMT promoter methylation status was assessed by a central laboratory (Lab Corp, NC). Unmethylated patients then moved onto to the second step of the trial after completion of RT; methylated patients were not enrolled. Consent had to be signed before the onset of radiation. A 1 cm 3 block of tissue was required for MGMT analysis thereby excluding biopsy only patients.
For eligibility, patients had to be C18 years of age with a Karnofsky performance status (KPS) C70. Tumor was required to be supratentorial and a post operative MRI was required no more than 72 h after surgery or [4 weeks (±7 days) after surgery. Evaluable or measurable disease following resection of tumor was not mandated. No prior treatment was allowed including the use of carmustine implant (Gliadel Ò Wafer) or radiosurgery. All patients were treated with 60 Gy of radiation with concomitant TMZ at 75 mg/m 2 /day 9 42 days (±3 days). Eligible patients started the experimental regimen of bevacizumab and erlotinib 4 weeks (±7 days) after the completion of RT ? TMZ. Eligibility was reassessed, as step 2 of registration, prior to initiation of the experimental treatment. Within 7 days of registration, patients were required to have adequate bone marrow, liver and renal function, a prothrombin time/international normalized ratio (PT/INR) \1.4 for patients not on warfarin and they could not have proteinuria as demonstrated by a urine protein: creatinine (UPC) ratio C1.0 or urine dipstick for proteinuria C2? (if C2? proteinuria on dipstick, then a 24 h urine collection was required to show B1 g of protein in 24 h). Patients could not have any significant medical illnesses that in the investigator's opinion could not be adequately controlled with appropriate therapy, would compromise the patient's ability to tolerate this therapy, obscure toxicity or dangerously alter drug metabolism. Patients could not have inadequately controlled hypertension (systolic blood pressure [150 and/or diastolic blood pressure [100 mmHg), prior history of hypertensive crisis or hypertensive encephalopathy, New York Heart Association Grade II or greater congestive heart failure, history of cardio or cerebro-vascular events within 6 months prior to study enrollment, significant vascular disease (e.g. history of aortic dissection) or evidence of bleeding diathesis or coagulopathy. Patients on full-dose anticoagulants (i.e. warfarin or low molecular weight heparin were required to meet both of the following criteria: no active bleeding or pathological condition that carried a high risk of bleeding (e.g. tumor involving major vessels or known varices) and for those on warfarin the INR needed to be 2-3 or the patient needed to be on a stable dose of low molecular weight heparin. Patients could not have a major surgical procedure, open biopsy, or significant traumatic injury within 28 days of starting bevacizumab or the anticipation of need for major or minor surgical procedure during the course of the study, excluding placement of a vascular access device. Patients could not have a history of abdominal fistula, gastrointestinal perforation, or intra-abdominal abscess within the preceding 6 months and no serious, non-healing wound, ulcer, or bone fracture. Patient with known HIV disease were excluded from participating in the trial. Patients could not have a history of any other cancer (except non-melanoma skin cancer or carcinoma in situ of the cervix), unless in complete remission and off of all therapy for [3 years. Patients could not be pregnant or breast feeding; a negative pregnancy test was required within 7 days before registration. Effective contraception (men and women) had to be used in subjects of childbearing potential while on trial and for 3 months after. Patients could only be on non-enzyme inducing anti-convulsants. If they were on an enzyme inducing anti-convulsant, they had to be converted to non-enzyme inducing anti-convulsants; a 2 weeks wash out period was required before starting bevacizumab and erlotinib.
Pretreatment evaluation, within 7 days prior to registration step 2, included a complete history and neurologic examination with neuroimaging as noted. CBC with differential and platelets, PT, PTT, INR, electrolytes, BUN/ Cr, LFTs, calcium, phosphorus, magnesium, serum pregnancy test for women of childbearing potential, UPC ratio or urine dipstick screening. EKG was required with 14 days prior to Step 2 registration.
Treatment with bevacizumab and erlotinib started on week 4 after completion of concurrent RT and TMZ. A baseline contrast enhanced MRI with optional perfusion imaging was required. Bevacizumab was dosed at 10 mg/ kg every 2 weeks (±2 days) as an intravenous infusion over 30-90 min. Premedication with Tylenol 650 mg and Benadryl 50 mg was administered for infusion reactions. Erlotinib was administered orally and was dosed at 150 mg each day continuously and toxicities were managed per guidelines in the package insert.
During treatment, patients underwent a neurologic examination and assessment of KPS approximately every 4 weeks. Repeat MR imaging was performed after every two cycles (approximately 8 weeks). CBC with differential and platelets, electrolytes/BUN/Cr was done within 72 h before each dose of bevacizumab. Urine was collected to determine the UPC ratio and proteinuria assessed within 72 h before each dose of Bevacizumab. Patients remained on treatment until disease progression based on Macdonald criteria ([25 % increase in size), unacceptable toxicity or clinically significant intratumoral hemorrhage (petechial hemorrhage did not affect treatment) on MRI. All patients were followed until death. Patients were evaluated for adverse events defined by the Common Toxicity Criteria version 3.0 at each study visit for the duration of their participation in the study. Patients discontinued from the treatment for any reason were evaluated for safety *30 days (28-42 days) after the decision to discontinue treatment.
Statistics
The primary endpoint was the overall survival (OS), and secondary endpoints include the progression free survival (PFS) and response rate. OS and PFS were analyzed using the Kaplan-Meier product limit curve. Response rates were summarized as proportions with 95 % exact binomial confidence intervals. In the study by Hegi et al. [5] , patients without MGMT methylation, treated with RT plus temozolomide, had a median overall survival of 12.7 months and a median progression-free survival of 5.3 months. Assuming exponential survival and a study duration of 48 months, a sample size of 50 patients will have 80 % power to detect a median survival of 17.9 months in this group of patients receiving RT ? TMZ followed by bevacizumab ? erlotinib, compared with 12.7 months in the historical RT ? TMZ group (1). A one-tailed test and a Type I error rate of 5 % was used assuming that the addition of bevacizumab ? erlotinib would not decrease median survival.
Results
One hundred and fifteen patients were screened to reach an enrollment of 48 patients whose tumors were MGMT unmethylated between 03/04/2009 and 11/07/2011. The remaining two patients were not enrolled, as they would not have lead to a positive trial. Two patients were not evaluable due to protocol ineligibility leaving 46 patients (29 men and 17 women) for treatment analysis. The median age was 55.5 years (range 29-75) and median KPS was 90 (range 70-100). At time of initial surgery 2 patients had undergone an open biopsy, 24 patients a gross total resection (including 1 who had a prior biopsy) and 20 a sub-total resection (including 2 who had a prior biopsy). Extent of surgery for the 46 eligible patients did not impact PFS (p = 0.85) or OS (p = 0.9). All patients completed standard RT with concomitant TMZ (75 mg/m 2-/day 9 6 weeks) and went on to receive treatment with bevacizumab and erlotinib. The number of cycles of bevacizumab and erlotinib ranged from 2 to 47 (median 8) with a single patient remaining on active treatment. Twenty-six patients received 8 or more cycles, 16 patients received 12 or more cycles and 4 patients received [20 cycles.
At the time of this report, 41 patients either progressed or died with a median PFS of 9.2 months [95 % CI (6.4, 11.3)]. At a median follow up of 33 months the median OS was 13.2 months [95 % CI (10.8, 19.6)] with 38 patients having died. The cause of death was due to tumor in all patients except 1 who had a pulmonary embolism. Using the median age of 65 as a cut-off for ''elderly patients'', those \65 years of age had a median PFS and OS of 9.2 and 13.6 months and those C65 years of age had a median PFS and OS of 6.4 and 12.7 months (non-significant difference). In patients with a KPS of C90, the median PFS and OS were 9.3 and 14.8 months respectively, and for patients with KPS \90, the median PFS and OS were 7.3 and 11.8 months (not significant). Comparing follow up MRIs with the post-RT baseline imaging assessed response. Best response was a complete response in 4 patients, partial response in 12 patients and stable disease in 28 patients; 2 patients had no measurable disease on their post RT MRI and therefore not evaluable for response.
A total of 928 adverse events were reported that had a suspected relationship to the bevacizumab and erlotinib regimen. Most (885) were either grade 1 or 2. There were only 40 grade 3 and 3 grade 4 events, demonstrating that this regimen was well tolerated. Grade 3 and 4 toxicities are listed in Table 1 . One patient each had a grade 4 stroke and bowel perforation, which is a know toxicity of our post radiation treatment.
At time of recurrence, 14 patients did not have any further treatment. The remaining patients received additional therapy including 9 undergoing repeat surgery, 2 had stereotactic radiosurgery and 6 had repeat RT. The number of times a systemic salvage chemotherapy regimen was used was 1 in 29 patients, 2 in 12 patients, 3 in 5 patients, and 5 in 1 patient.
Discussion
The current study assessed the benefit of using the combination of bevacizumab and erlotinib in newly diagnosed patients with unmethylated MGMT promoter GBM after completion of RT and TMZ as maintenance therapy post RT. The patients with unmethylated GBM were chosen because the benefit of adjuvant TMZ in this group is not clearly documented and given the poor survival, alternative treatment strategies are needed [1, 4] . There may be synergistic effects of combining TMZ with RT [29, 30] therefore the concurrent treatment was a component of the trial. Regardless, the study did not demonstrate an improvement in OS for this patient population as the observed 13.2 month median OS was only marginally better than the historical results of 12.7 months [5] .
Given the poor prognosis for patients with MGMT unmethylated GBM, there has been increasing interest in eliminating TMZ from the standard treatment regimen and substituting other experimental treatments for these tumors (Table 2 ). For example, Wick et al. [31] performed a single arm trial of enzastaurin in newly diagnosed unmethylated GBM patients. Patients started enzastaurin 7 days prior to radiation, during RT (60 Gy) and then as maintenance treatment for up to 3 years. The PFS-6 was 53.6 % with a median PFS of 6.6 months; by pre-specified criteria was a negative study. The PFS rate at 12 and 24 months was 14.9 and 3.7 %. Median OS was 15 months with the 6, 12 and 24 month OS rates of 87.7, 63 and 27 % (Fig. 1) .
The ''CORE'' trial (Cilengitide, Temozolomide, and Radiation Therapy in Treating Patients with Newly Diagnosed Glioblastoma and Unmethylated MGMT Gene Promoter Status) reported data only in abstract form [32] . In that trial, unmethylated GBM patients were treated with RT ? TMZ or RT ? TMZ plus standard or high-dose celengitide. The OS for the groups were very similar to the results of our study with median survivals of 13.4, 16.3 and 14.5 months, respectively. The ''Glarius'' trial compared RT ? TMZ followed by either TMZ or bevacizumab ? irinotecan (B-I) in a randomized trial for unmethylated GBM patients [33] . Patients in the B-I arm received four cycles of bevacizumab over 6 weeks of radiation and then received B-I every 2 weeks until disease progression. Patients in the TMZ arm received six monthly courses of standard dose post-RT TMZ. 6 months following random assignment, PFS was significantly higher for patients receiving B-I (9.74 vs. 5.99 months for TMZ; p \ 0.0001). The OS endpoint was significantly longer for patients receiving B-I (16.6 vs. 14.8 months for TMZ; p = 0.031). Two large randomized trials stratified patients based on their MGMT status. RTOG 0525 compared dose dense (DD) to standard dose (SD) TMZ after RT and TMZ [2] . The median OS was 14.0 months for tumors with unmethylated MGMT gene promoter with a median PFS of 8.7 months. For patients with MGMT unmethylated tumors the median OS was 14.6 months for SD and 13.3 for the DD arm. Median PFS was 5.1 months for the SD arm and 6.0 months for the DD arm. RTOG 0825 was a randomized placebo controlled trial of RT ? TMZ ? bevacizumab or placebo that showed no improvement in PFS or OS [3] . For the patients who were unmethylated, the median OS was 14.3 months (95 % CI 13.6-15.3) and the median PFS was 8.2 months (95 % CI 7.5-9.2). The Avaglio trial was similar to RTOG 0825 and assessed outcome based on methylation status but this was not a stratification factor for randomization [12] . For the unmethylated patients with GBM, the median PFS was 5.8 months for the placebo group and 10 months for the bevacizumab treated group, while OS was 14.6 and 15.1 months, respectively.
Finally, a clinical trial at UCSF explored the combination of bevacizumab and erlotinib in patients with newly diagnosed GBM [34] . This study administered the combination therapy during RT in conjunction with TMZ then continued with all three agents (TMZ, bevacizumab and erlotinib) post-RT. The median OS was 17.5 months for unmethylated patients was not significantly different from local institution historical controls. Given the high incidence of alterations of EGFR in GBM, including amplification, mutation, and over-expression, there has been great interest in EGFR inhibitors [35] [36] [37] . Some studies shown that response to EGFR inhibitors is greatest with co-expression of PTEN and EGFRvIII [35] and high levels of EGFR expression and low levels of phosphorylated protein kinase B (PKB)/Akt phosphorylation [36] . Conversely, the effect of EGFR inhibitors on EGFR phosphorylation and downstream signaling was ineffective when assessed in patients pre-treated with EGFR inhibitors [37] . Interestingly, in the UCSF trial [34] described above, there was no correlation of PTEN expression and EGFR amplification with OS. However, there was an improved OS for EGFR amplification compared to historical controls (13.3 vs. 7.4 months) and a trend for improvement in survival (19.8 vs. 15.5 months).
The data from our trial, and that of others, suggest that irrespective of the treatment used median survival in GBM patients with an unmethylated MGMT promoter is on the order of 13-15 months. Modest advances have been made in treating patients with GBM but those with an unmethylated MGMT promoter have fared less well. Moving forward, new therapeutic approaches are needed for this poorer prognosis group. In fact, this need has led to consideration of forgoing the use of temozolomide in this population to expand the range of new therapies that can be considered in the newly diagnosed setting. In the enzastaurin trial, omission of TMZ did not lead to a decreased survival compared to other trials where TMZ is used in unmethylated patients (Table 2) . Finally, whether newer generation EGFR inhibitors might have therapeutic utility remains to be seen but many are currently under investigation.
